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Abstract. Vector bosons become accessible experimental probes in heavy-ion collisions at the LHC. The 
capabilities of the LHC experiments to perform their measurement are outlined. The focus is given to 
their utility to study the possible formation and properties of the Quark Gluon Plasma (QGP) in the 
most central heavy-ion collisions. Their own sensitivity (if any) to the QGP is discussed. Their interest as 
references to observe multiple QGP sensitive probes is justified. 

PACS. 25.75.-q Relativistic heavy-ion collisions - 12.38.Mh Quark-gluon plasma - 14.70.Fm W bosons - 
14.70.Hp Z bosons 
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W and Z° bosons are massive weakly interacting probes. 
They have been extensively studied at CERN, SLAC and 
FNAL in pp and e + e~ collisions 1 and are considered as 
standard model benchmarks. At the Large Hadron Col- 
lider (LHC), about 3 W (Z) are expected to decay in lcp- 
tonic channels per each 10 (100) million pp collisions^] at 
y/s]^ = 14 TeV, and up to 30 W (Z) per 1 (10) million 
Pb-Pb collisions at 5.5 TeV. A large enough amount that 
will provide the opportunity to observe them for the first 
time in heavy-ion collisions (HIC) at the LHC. 
Weak bosons at the LHC will be multi-purpose observ- 
ables. More than 80% of their total production cross-section 
is accounted for by quark anti-quark scattering processes, 
whereas NLO processes amount to about 13% and NNLO 
corrections are just of 1-2% [6j[2]. Consequently, they are 
considered as benchmarks, they have been suggested as 
'standard-candles' for luminosity measurements and as 
tools to ameliorate the detectors knowledge [7]. In addi- 
tion, they will be sensitive to the quarks PDFs and to 
their nuclear modifications at Q 2 s» M^, Z )- ^ n this pa- 
per we focus on their production in heavy-ion collisions 
and, in particular, on their interest to study the formation 



1 Calculations are done with the values of Tab. [l] and con- 
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70 mb (8 b) in pp (Pb-Pb) collisions. 



Table 1. W and Z production cross-sections per nucleon- 
nucleon collision from NLO calculations. Shadowing is included 
in Pb-Pb calculations. 
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and properties of the Quark Gluon Plasma (QGP). Vec- 
tor bosons do not interact strongly, but is it a sufficient 
condition to consider them as medium-blind references? 
To understand their role in HIC it becomes imperative to 
discuss the influence, if any, of this hot and dense medium 
on them and/or on their decay products. 
A qualitative estimate of the formation and decay time 
of vector bosons with respect to the QGP formation and 
evolution will facilitate the comprehension of the physics 
processes involved. Weak bosons are formed early due to 
their large mass ~ 1/M ~ 10 -3 fm/c. Their decay time is 
by definition inversely proportional to their widths, that 
is 0.08 fm/c for the Z and 0.09 fm/c for the W []Q. In 
the most extreme approach, the QGP would thermalise 
immediately and the weak bosons would decay in the 
medium. Some questioned estimates indicate that in this 
scenario the Z peak width could be modified by only Ar ~ 
1.5 MeV in a T = 1 GeV medium [5][S], which becomes 
experimentally negligible. On the other hand, in the most 
accepted picture of the QGP formation and evolution, 
at the LHC this state of matter would be formed after 
T strong ~ 1/ Aqcd ~ 1 fm/c of the initial hard interaction, 
would be quickly thermalized in approximately 0.1 fm/c, 
and might last ~ 10 fm/c. In this representation, weak 
bosons are produced and decay before the QGP is formed. 
It is then natural to examine the medium influence on 
their decays. Their leptonic decay channel is measured to 
be of 3.36% (10.8%) for the Z (W) while their most prob- 
able decay is into hadrons pQ. It is known that hadrons 
are affected by the QGP, but what happens to leptons? 
Lcptons interact electromagnetically with the (electric) 
charges of the medium. They could then suffer elastic in- 
teractions and even radiate a photon (by bremsstrahlung) 
after that. The probability of an elastic interaction to oc- 
cur is determined by the lepton mean free path (A co /;). 
Theoretical calculations suggest that \ co u ~ 10 fm in a 
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T = 1 GeV mediurr|^][10]. Therefore, rough qualitative es- 
timates can be done assuming that the lepton undergoes in 
average one elastic collision. If such, the collisional energy 
loss (AEcoii) becomes negligible, as (AE coU ) oc a em T < 
10 MeV per elastic collision^] Besides, there is a probabil- 
ity oc a em i^(^f-) that the lepton radiates an energy ~ E 
after one (elastic) interaction, although in most cases it 
will not radiatc^j] [11J. Numerical calculations indicate that 
the typical radiative energy loss can be experimentally ig- 
nored. In sum, even in the most extreme conditions weak 
bosons and their leptonic decays behave as medium-blind 
references. 

As medium insensitive probes produced in initial hard par- 
ton scatterings, they could be used to validate the binary 
scaling (with the number of nucleon-nuclcon collisions) 
and they could become references to observe medium in- 
duced effects on other probes, such as jets (Z-jet corre- 
lations, Sec. 2.2 1 or high-pt heavy-quarks (energy loss, 



Sec. 3.21 



Experimentally, vector bosons are measured via their lep- 
tonic decays. At the LHC, ALICE, ATLAS and CMS ex- 
periments plan to do those measurements in HIC. CMS [12j 
[TB] will be able to detect electrons of pt > 5-10 GeV/c 
for \rj\ < 3 and muons of p t > 3.5 GeV/c for \t]\ < 2.4. 
ALICE [T4l[T5] capabilities extend to electrons of pt > 
1 GeV/c for \rj\ < 0.9 and muons of pt > 1 GeV/c for 
—4 < r\ < —2.5. ATLAS performance studies in HIC are 
currently under progress, so here we do not refer to them. 
In Sec. [2] Z bo sons detection via the dilepton i nvar iant 
mass (Sec. |2.1| and the Z-jet correlations (Sec. 2.2) are 
discussed. Sec . [3] concentrates on W bosons measurement 



CMS should be able to exploit it by reducing the Drell- 
Yan contribution via b-tagging techniques. At higher mass 
(M) the Z contribution prevails. The Z peak is clearly 
mesurable whereas the background is remarkably small 
(it amounts to less than 5% in Mz ± 5 GeV/c 2 ). Es- 
timations indicate that about 11000 Z could be recon- 
structed into dimuons for Mz ± 10 GeV/c 2 in Pb-Pb col- 
lisions at 5.5 TeV considering an integrated luminosity of 
C = 0.5 nb -1 , and ~ 10 7 Z into dielectrons in pp collisions 
at 14 TeV for C = 100 fb" 1 . 




via the single lepton spectra (Sec. 3.1l and on their po- 



tential to learn on heavy-quark energy loss (Sec. 3.2 1 
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Fig. 1. Estimated dimuon invariant mass in Pb-Pb collisions 
at 5.5 TeV by CMS [12]. Distribution for > 5 GeV/c and 
\rf\ < 2.4 for C = 0.5 nb" 1 . 



2 Z bosons 

The dilepton invariant mass permits to cleanly identify 
the Z boson and measure its properties. Both CMS and 
ALICE experiments plan to measure Z bosons in heavy- 
ion collisions. 



2.1 The dilepton invariant mass 

CMS experiment capabilities 12 , 13 allow to measure the 
Z both in the dimuon and dielectron decay channels with 
similar statistics from pp to Pb-Pb collisions. For illus- 
tration, Fig. [I] presents their expected dimuon invariant 
yield in Pb-Pb collisions at 5.5 TeV. In the region of 
10 < Af M + M - < 70 GeV/c 2 bb decays are majoritary. This 
region is suitable to study heavy quark energy loss and 

2 AT = 1 GeV medium is usually considered for numerical 
illustrative calculations in extreme conditions. 

3 Qem stands for the electromagnetic coupling constant. 

4 The radiative energy loss after one elastic interaction is 
(AE ra d) oc a em E ^(^t^ 2 ) , where mo = eT/y/3 stands for 
the Debye mass [11] , 



ALICE capabilities turn on quite different patterns in 
the dielectron and dimuon decay channels. The Transi- 
tion Radiation Detector and the Time Projection Cham- 
ber are the electron identification devices in ALICE, then 
the ability to reject the misidentified pions becomes the 
challenge to identify high-p t electrons. Calculations [16] 
indicate that this can be left ahead applying track isola- 
tion criteria, considering only clean and isolated tracks (re- 
jecting tracks which are at \Ar)\ < 0.1, \A(f)\ < 0.1 rad and 
have p t > 2 GeV/c). The expected yield into dielectrons 
in pp collisions at 14 TeV is shown in Fig. [2] About a few 
thousands Z should be reconstructed into e + e~ & /j + p~~ 
in pp collisions at 14 TeV by ALICE for C = 30 pb~\ 
while trigger strategies have to be optimized for Pb-Pb 
collisions PM7HIS] . 

Apart from what has been mentioned, the Z can also be 
potentially used as a reference for quarkonia normaliza- 
tion, as though far (in terms of M) the Z is the only un- 
modified resonance. 

2.2 Z-jet correlations 

In the parton model of pQCD, at LO jets are always pro- 
duced by pairs, with equal transverse momenta and op- 
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Fig. 2. Estimated dielectron invariant mass in pp collisions at 
14 TeV by ALICE [16|. Distribution for p? > 25 GeV/c and 
r/ E | < 0.9, applying isolation cuts. Background contributions 
are averaged over 66 < M e + e - < 116 GeV/c 2 and displayed 
as points at an arbitrary mass value. 



posite sense of movement. The jets being influenced by 
the medium while the Z bosons are not, Z-jet correlations 
are the ideal reference for jet calibration and to study the 
jet fragmentation functions and their modifications in the 
QGP. The CMS experiment has demonstrated its capa- 
bilities to perform such measurements, whereas ATLAS 
and ALICE have still no conclusive studies. CMS expects 
to reconstruct a few thousand Z-jet in the dimuon decay 

channel for M > 25 GeV/c and C = 0.5 nb -1 in Pb- 
Pb collisions at 5.5 TeV [12] (Fig. [3). In addition, their 
abilities allow to reject the charm and beauty correlated 
contributions by up to a factor 5 via a 3a cut on the vertex 
Distance of Closest Approach. The expected performances 
indicate that they will be sensitive to the jet fragmenta- 
tion functions and to their modifications (see details in 
references [HUgEO] ) ■ 



3 W bosons 



W bosons production cross-section in the lcptonic decay 
channel is ten times larger than the Z bosons (see Tab.[T|. 
They are commonly observed through their leptonic de- 
cays (W + — > fi + Vn), via the computation of the invariant 
mass of the lepton and the reaction missing energy (E t ) 
that is associated to the neutrino. At the LHC, only AT- 
LAS and CMS experiments have the capability to perform 
such measurements, but at the present time there is no 
available up-to-date calculations of their expectations for 
HIC. Despite of the lack of the missing E t information, 
the simple single lepton high-p t distribution (the decayed 
leptons have a mean p t « ~ 40 GeV/c) can already 

provide valuable information, such as the integrated pro- 
duction cross-section. 
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Fig. 3. Estimated dimuon-jet invariant mass in Pb-Pb col- 
lisions at 5.5 TeV by CMS [12]. Distribution for p£ +M ~ > 
25 GeV/c, > 3.5 GeV/c and |<| < 2.4 for C = 0.5 nb" 1 . 



3.1 The single lepton spectra 

ATLAS and CMS have excellent capabilities to detect 
high-p t leptons, so they can perform those measurements, 
but the most recent studies for HIC have been done by 
ALICE. While the detection of the high-p t electron spec- 
tra by ALICE is still under study, they will be able to 
perform those measurements in the muonic decay chan- 
nel. Fig. [4] presents the expected reconstructed spectra 
for Pb-Pb collisions at 5.5 TeV [T71ll8j . Heavy quark de- 
cays are the dominant lepton source at intermediate pt, 
from 5 to 25 GeV/c, whereas W decays prevail between 
30 and 50 GeV/c. They can then be measured via the 
single lepton spectra and could be used as reference to 
observe heavy-quark energy loss in the intermediate pt re- 
gion (Sec. |3.2[ ). The expected statistics are large enough: 
about 80 (14) thousand reconstructed muons from W de- 
cays in pp (Pb-Pb) collisions at 14 (5.5) TeV assuming 
C = 30 pb _1 (0.5 nb -1 ) and no trigger downscaling [T7] 
[15] . Note that the estimates for Pb-Pb collisions will fluc- 
tuate with the trigger strategy. 

A peculiar characteristic of W decays is highlighted in 
references [171115] . The collision isospin induces a charge 
asymmetry on W production. In addition, angular mo- 
mentum conservation and parity violation influence the 
angular distribution of W decays. For leptons of 20 < 
Pt < 60 GeV/c, only W bosons cause those charge asym- 
metries, so the relative abundance of positive and negative 
charged leptons as a function of pt and r\ could be used to 
point out W production. 



3.2 Learning on heavy quark energy loss 

In reference |21j the influence of heavy quarks energy loss 
on the single muon p t distribution is computed. The differ- 
ent contributions to the pt region studied are reflected in 
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Fig. 4. Estimated single muon reconstructed spectra by AL- 
ICE for minimum bias Pb-Pb collisions at 5.5 TeV. Consider- 
ations: p?>l GeV/c, -4 < rf < -2.4 and C = 0.5 nb" 1 are 
assumed [TTlfTH] . 



Fig. |3J Calculations are done in the framework of the Par- 
ton Quenching Model [22J but including an energy density 
evolution in pseudo-rapidity to extrapolate the results to 
the high-rapidity region. The authors compute the nuclear 
modification factor i?As(Pt) and the central-to-pcriphcral 
ratio Rcp(pt) at mid- and forward-rapidities, the regions 
covered by the LHC experiments. As an example, Fig. [5] 
presents the Rcp(pt) for |r?| < 2.5. By extrapolating the q 
parametei^] values matching RHIC data according to the 
expected charged particle multiplicity, the range of values 
for the LHC is estimated to be C[lhc = 25-100 GeV 2 /fm. 
Results lie within the shaded-band on the plot. It is ob- 
vious that the muon p t distribution is noticeably affected 
by heavy-quark energy loss. The Raa (Rcp) muon ratios 
are reduced in the intermediate pt of (2, 15) GeV/c by a 
factor from 2 to 5 (from 2 to 3) . The trends evolve in p t 
with a step rise, and for p t > 30 GeV/c the ratios are 
governed by the relative weak boson contribution. Note 
that the ratios shape is dependent on the rapidity window 
observed. In conclusion, weak bosons (W mainly) can be a 
reference to observe heavy-quark energy loss in the single 
lepton p t distribution. 



4 Summary 

Weak bosons are observed via their leptonic decays and 
can certainly be considered as medium blind references. 
As suggested 'standard candles', they will enable lumi- 
nosity measurements and will permit to access the quarks 
PDFs and their nuclear modifications. Their measurement 
will allow to validate the Glauber binary scaling and they 
will be useful references to observe medium induced ef- 
fects on other probes. Z bosons could be references for 
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5 In this approach, the parameter q represents the time- 
averaged squared transferred momentum from the medium to 
the parton per path length unit. 



Fig. 5. Muon nuclear modification factor central-to-peripheral 
ratio, Rcp(pt), for < 2.5 [21] . Only heavy quarks and weak 
bosons contributions are included. The centralities considered 
are 0-10% and 40-70%. 



quarkonia suppression and heavy quark energy loss, while 
Z-jet correlations provide a clean jet calibration and the 
possibility to measure the jet fragmentation functions and 
their modifications. Calculations indicate that the single 
lepton high-p t region, predominantly populated by W de- 
cays, could be a reference to study heavy-quark energy 
loss in the intermediate-^ domain. 

Experimentally, the LHC detectors show different and com- 
plementary capabilities to measure and exploit weak bosons. 
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